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INTRODUCTION 
Most epidemiologists emphasize variations in microbial 
virulence as a contributing factor in the inception of 
epidemic disease. The factors v/hich cause this variation 
or determine its direction when once it has occurred are not 
Vi?ell understood. The fact that host and parasite must be 
adapted to each other if disease is to result suggests theit 
in this fitting process may lie the forces governing the 
direction of variations in virulence. The analysis of host-
parasite interactions, therefore, is of basic importance in 
the better understanding of the nature of epidemics. 
Recent analyses of this problem are found in the v/orks 
of Vellhausen (21) and of Lincoln (11). Wellhausen dis­
covered that passage of the maiae wilt organism, Phytomonas 
stevjartii, through resistant strains of maize increased 
virulence, while passage through susceptible lines decreased 
virulence. Lincoln (11) confirmed and extended Wellhausen's 
observations, and investigated the mechanism responsible for 
the observed changes in virulence. He found that increased 
virulence results from the greater ability of virulent 
bacterial mutants to reproduce in the resistant host 
environment, while decreased virulence results from the in­
verse jirocess in the susceptible host environment. 
Although the effects of hoot passage of an eniirml 
pathogen upon its virulence have been studied previously, 
there have been no investisations of this nature which have 
utilizad highly inhred strains of onimala ganetioally 
differentiated in their x-osistanoe to the disease. In view 
of the results of A'ellhausen (SI) and of Lincoln (11) this 
failure to control host resistnnce renders any clianges in 
virulence difficult to interpret. 
This invoatigation wes desi^jaod to etudy these inter­
actions betvieen pure linos of both host emd pathogen eigni-
fioant to beotorial virulence in the infectious animal 
disease, mouse typhoid caused by Salmonella typhliauriusi 
(Caatolloni and Chalmers).* 
*A description of the cultural end serological characters 
of the apeoios is given in Sergey's Manual of Determinative 
Bacteriology. Sth M. p. 443. iVilliaraa and U'ilkina, 
Baltimore. 1339. 
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REVIlTw OF UTERATURE 
Up to the present, but few Investigations have met 
the requirement of utiliising genetically purified hosts as 
well as pathogens in studying the effect of passage through 
the host upon virulence. This fact may in part account for 
the conflicting reports of such studies found in the liter­
ature , 
Pasteur and Thuillier (15) were among the first to 
experimentally demonstrate this phenomenon, passage of the 
virus of hydrophobia througli guinea pigs resulted in in­
creased virulence for this animal but decreased virulence for 
rabbits, similar results were obtained with the swine 
plague bacillus; successive passages through rabbits de­
creased virulence for swine but raised virulence for rabbits. 
Burgess (3), employing the organism causing bubonic 
plague, noted increased virulence follov/ing passage through 
normal hosts (African pouched rat) but obtained diminished 
virulence by passage through immunized hosts. 
One of the early reports of such investigations employ­
ing an organism of the Salmonella group is by Danysz (5), 
who in 1900 attempted to raise the virulence of the organism 
bearing his name. He invariably observed decreased viru­
lence after host passage, although he was able to increase 
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virulence by growing the organisms in collodion sacs 
enclosed in the peritoneal cavities of rats. 
More recent studies include those of Webster {17, 18), 
who failed to observe any alteration in virulence of mouse 
typhoid bacteria follov/ing host passage. In studying 
carriers of Pasteurella lepiaeptica in rabbits, 'ebster (19) 
noted that virulent strains may be replaced in the nasal 
passages by avirulent strains, 
V,ebster and clow (SO) found wide differences in viru­
lence among strains of Pneumococcus as tested by intra­
nasal instillation and these differences were often not 
parallel with differences in intraperitoneal virulence. 
Serial passage nose to nose failed to raise the intranasal 
virulence of initially low virulent strains, while similar 
passage of strains with high initial virulence decreased 
intranasal virulence but did not alter intraperitoneal 
virulence. 
Y/hile studying experimentally produced epidemics among 
mice, Greenwood et al. (8) record the occurrence of a severe 
epidemic following the appearance of a virxilent variant in 
an originally lov/ virulent strain of Salmonella typhimurium. 
Viith mouse Pasteurella the same authors showed that viru­
lence is sometimes decreased following passage through immune 
or partially immune animals, while cultures recovered from 
non-immunized mice possess the same virulence as the parent 
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Strain. Lockhart (13) succeeded in raising the virulence 
of salmonella typhimurium by serial passage through mice, 
although in some experiments no increases were observed. 
In his report upon the effect of cultivation of 
Salmonella typhimurium in atmospheres containing varying 
proportions of oxygen, Wilson (23) discusses much of the 
literature concerning methods of altering virulence of 
animal pathogens both 3^ vitro and vivo. Numerous 
examples of virulence variation are quoted by Hadley (9) in 
his monograph. 
V/ith almost no exception the numerous investigations 
upon the influence of animal passage may be criticized for 
failure to keep host resistance constant, thus rendering 
any observed changes in virulence or other characters 
difficult to interpret. 
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EXPERIMErrAL 
Material and Method of Procedure 
Two strains of mice, the Selected (S) and Silver (L), 
v/ere mainly employed in this study. Two other strains, 
the Rockefeller Institute* (RI) and Eagg albino* (Ba), v/ere 
used to a lesser extent. These four strains vary vjidely in 
their hereditary resiatence to Salmonella typhimurium^ the 
order of resistance being S, HI, L, and Ba. Comparstive 
reactions of the four strains are ahovm in Tables 1 and 2, 
Table 1. Comparative resistance of the S, RI, and L strains 
of mice v.!hen Infected v/ith stock culture, 11c, 
. jjjQQijiated : : : : Per cent 
Strain ; dose ; Alive ; Dead ; Total ; dead 
S 2 X 10^ 497 61 578 14.0 
RI £ X 105 3S5 161 496 3S.5 
L 1 X 10'^ 42 193 235 82.1 
All strain differences are highly significant.** 
*The names attached to these strains have no meaning other 
than indicating the source of the original stock. They 
are not to be confused v^ith other strains passing by 
these names, for while they stem to the originals in each 
case, they differ from them in many particulars. 
**Values of and P for all comparisons accorded statisti­
cal significance are listed in the appendix in Table 23. 
10 
Table 2, Comparative resistance of L and Da mice to 
similar doses of 11c. Mortality figures com­
bined for several doses, 
. ^ . J pqj. oent 
Mice ; Alive t Dead ; Total ; dead 
L 31 83 114 72.8 
Ba 14 10t5 119 88.2 
The difference is highly significant. 
The Selected resistant strain, developed in this labor­
atory by Schott (16) and Hetzer (10), has been inbred by 
brother-sister or parent-offspring matings for more than 
twenty generations. 
The RI strain, obtained from Dr. L, T, v,'ebster's resis­
tant stock in 1936, has been inbred in a like manner since that 
time. Two of the three male lines comprising the strain were 
discarded after a pedigree analysis showed them to be less 
resistant than the third line. This may account for the 
lower mortality obtained \vith the RI mice in the second 
passage experiment, (Compare 11c mortality. Tables 5 and 7.) 
The particular Silver strain was obtained from Dr. R. G. 
Schott in 1933 and has been maintained in this laboratory by 
full sib or parent-offspring matings. The Bagg albino strain, 
obtained in 1933 from Dr, E, C, MacDovmll, had been inbred 
by him since 1922, The strain has been maintained in this 
laboratory almost exclusively by full sib or parent-offspring 
matings. 
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From crosses betv/een the S and L or Ba strains, both 
Bchott (16) and Hetzer (10) concluded that inheritance of 
resistance is governed by multiple factors, some of which 
are partially dominant. 
All cultures of Salmonella typhimurlxun used are deriva­
tives of the stock culture, 11c, obtained through the 
courtesy of Dr. H. 0. Hetzer and used by him throughout the 
major portion of his investigation in this laboratory. 11c 
is a subculture of a culture obtained in 1926 from Dr. v;, 
C. Topley. since that time it has exhibited a consistently 
high virulence and has been maintained, as are other stock 
cultures, by monthly transfers on veal infusion agar slants. 
At each transfer the cultures are incubated at 37° C. for E4 
hours end then stored in a refrigerator at about 5° C. 
Throughout this study virulence of the various cultures 
has been assayed by comparisons with one of several "control" 
cultures. Mice are tested at about 60 days of age, sex and 
age differences being balanced as nearly as possible betv/een 
the various groups. 
Two methods of analysis have been used. In the writer's 
opinion the more satisfactory method of comparison is that 
of inoculating approximately e^^ual numbers of similar mice 
with the same niunber of organisms of the cultures to be com­
pared. The resulting mortality data is then tested for 
homogeneity using the test, corrected for continuity since 
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small numbers of animals neoessarily are employed. In 
doubtful cases either the exact test of 2 x 2 tables (6) 
or Fisher and Yates* (7, Table VIII) test of significance 
for 2x2 tables based upon exact treatment has been 
employed. 
The other method employed for comparing virulence is 
estimation of the median lethal dose (IDSO), the number of 
organisms required to kill fifty per cent of the test mice, 
following the methods given in detail by Bliss (1, 2), 
Briefly, this involves inoculation of a graded series of 
doses to similar groups of mice. To the resulting mortality 
data a dosage-mortality regression line is fitted using as 
variables the logarithm of the dose (x) and the problt 
mortality (y). The problt corre^onding to an observed per­
centage mortality is the normal deviate exceeded by this 
percentage of the population increased by five to avoid 
negative values. From the fitted curve the dosage correspond­
ing to 50 per cent kill and its variance may be calculated. 
To compare virulence of tv/o cultures, the positions of the 
curves for the same log dose relative to the mortality axis 
are compared using the appropriate formula for the variance 
of the difference as given by Bliss (2). This method is very 
laborious both in analysis and in performing the experimental 
test, and parallel treatment of the same data by both 
methods shows no appreciable difference in sensitivity. 
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Data originally intended for analysis by the latter method 
have frequently been treated by the method. Whenever 
this was done, the antilog of the weighted mean log dose is 
indicated. 
Five separate host passage experiments have been per­
formed, all following the same general plan. In each the 
same initial culture vms divided into tv;o parts, one of 
which was successively pa^ed through the S resistant mice 
tmd the other through the L susceptible mice, ilfter growing 
in the host environments for an arbitrarily chosen time, 
usually £1-24 days, the bacteria \'jere recovered by culturing 
in nutrient broth the heart, liver, and spleen from living 
mice. Identification of the cultures v.as accomplished by 
the gram stain, surface plating upon eosin methylene blue 
agar plates, and agglutination v/ith antiserum rendered 
specific by appropriate absorptions, After identification 
the cultures v/ere ready for re inoculation for the next 
passage. Virulence of the passage cultures was determined 
periodically. 
for all inoculations grovjth from 18-hour veal infusion 
slants was vmshed into sterile physiological saline contain­
ing sufficient bacto-peptone (0,05 per cent) to maintain 
the number of viable bacteria. The concentration of bacteria 
was approximated with a Gates nephelometer; appropriate 
dilutions v.'ere made; and the inoculum was injected intraperi-
14 -
toneally. Actual numbers of organisms were established by 
poured agar dilution plates. Mortality was recorded during 
the 21 days follov/ing inoculation. 
The procedure employed in designating the passage 
cultures is as follovjs; The letter indicates the strain of 
mice through v;hioh the culture has been passed; a Roman 
n\imeral indicates the number of the passage eayeriment; and 
an Arabic numeral subscript indicates the number of serial 
passages the culture has undergone. Thus, L Ilg is the 
sixth passage through the L mice in the second experiment. 
If a group of control mice v;ere inoculated simultaneously 
with the initial culture, the resulting data are indicated by 
the corre^onding subsci'ipts, for example llcg. 
Four cultures have served as initial cult tires for the 
passage experiments. The relative virulence of these cul­
tures is shown in Table 3, 40, BZo, and 9D are single-cell 
cultures of different colony morphology isolated from lie. 
In the early portion of this study no differences in 
colony morphology were observed due to inadequate observa­
tional methods. Consequently, except for the final passage 
cultures of the second experiment, nothing is Isnown regard­
ing any morphological differences v;hich the cultures of the 
first tv/o experiments may have possessed. Later when 
observed through a 15X binocular dissecting microscope v/ith 
light reflected directly from the surface of the colonies, 
Table 3, Relative level of virulence of cultxires employed as Initial cultures 
for host passage experiments. 
Virulence tested on 
Susceptible (L) mice" culture Degree of 
;smoothness: 
• • 
* « 
Mean 
dose* 
• 
• 
:Alive 
* 
• 
:Dead 
: : % 1 
:Total:dead: 
Mean 
dose* 
• 
• 
:Alive 
J 
;Dead ;Total 
; % 
;dead 
11c 2 X 10^ 132 112 244 45.9 16,000 45 127 172 73.8 
40 2 It 43 45 88 51.2 ff 30 47 77 61.0 
22c 4 Tf 95 29 124 23.4 ft 106 19 125 15.2 
9D 5 2. 4 X 10^ 77 15 92 16.3 160,000 60 3 63 4.8 
The following differences are highly significant for both strains of mice: 
lie - 22c, 4C - 22c, 11c - 9D, 4C - 9D. 
The difference 22c - 9D is significant v.hen tested on L mice. (Exact P z 0.026.) 
*Antilog of weighted mean log dose, 
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small but olaasiflable differences were detected. To 
indicate relative degree of colony smootimess, an arbitx'ary 
seal© from 1 {smootliost) to 5 (roughest) corresponding to a 
series of 5 iaolaites of 11c has been employed. 
Throughout this report the terms smooth and rough are 
used in a comparative sense to indicate the rather small 
differences in colony type referred to above. To comply 
with the commonly accepted definition, a bacterial type may 
be classified xinreservedly as rough only after serological 
analysis has shown it to be distinct in regard to soioatic 
antigens from the norxoal smooth form. iVilson (22) classi­
fied colonies of Salmonella typhimurium into four types 
forming a graded series in viinilence and colony surface. 
Serological analysis of the somatic antigens shov/ed that 
only his most extreme form was the ti*ue rough; the inter­
mediate types possessed the smooth somatic antigen, iin 
attempted serological analysis of some of the colony variants 
isolated during this investigation was unsuccessful because 
sufficiently high somatic agglutinin titers v/ere not 
obtained. Consequently, none of the colony types may 
unqualifiedly be described as rough. 
Numerous single-cell isolations were made by the follow­
ing modified micromanipulator technique developed during 
the latter portions of this investigation: A thin film of 
clarified nutrient agar is spread on a sterile 25 x 55 mm.. 
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no. 1 cover-slip leaving space at one end for a hanging 
drop of a dilution of an actively growing culture from 
which single-cell isolations are desired,. The cover-slip 
is mounted on a moist chamber supplied with sufficient 
moistened blotting paper to prevent drying. A binocular 
microscope with a 45X apochromatic objective and 15X com­
pensating eyepieces was employed. Two sterile micro-
pipettes are mounted in a micromanipulator and centered in 
the field. One pipette is brought into the hanging drop 
Vfhere it fills by capillarity; the other pipette remains 
sterile. Microdroplets are made by touchinti the filled 
pipette to the agar film, successive trials being spaced 
several fields apart, ivhen a droplet contains a single cell, 
the readings of the stege vernier scales are taken; time is 
recorded; and a pattern of marking holes is punched in the 
agar near the single cell using the sterile pipette. In this 
manner any single cell may be relocated in a few seconds. 
Since the moisture of the microdroplets is instantly absorbed 
by the agar, there is no Erovvnian movement, and the bacteria 
lie longitudinally in the horizontal plane. These factors 
facilitate critical observation which reduces error. 
Several single cells may be seeded upon the same agar 
film; and after a sufficient niimber has been seeded, the 
moist chamber may be incubated in a petri plate. Periodic 
observation allows the development of the colony to be 
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followed and di-viaion time calculated directly. Any 
question existing as to vitiether a cell is single or double 
Viill usually be answered by observation of its subsequent 
behavior. 
After the cell has divided several times, the resulting 
microcolony is picked up v/ith a sterile inioropipette and 
inoculated into one-half c.c. of nutrient broth in which 
the tip of the microneedle is broken in order to insure 
successful transferrins" If the colonies are allowed to 
develop to several hundred cells, transferring to ordinary 
media is uniformly successful. 
By employing the above technique, it has been possible 
to make as many as 30 single-cell isolations in a day, the 
cultures bein^i fully grown the following day. More than 80 
per cent of the observed single cells of Salmonella 
typhimurium have grown. 
Experimental Results 
Effect of host environment upon virulence of the stock 
culture. 11c 
First passage experiment. The stock culture, 11c, was 
the initial culture for the first experiment. In each 
passage the organisms were grown in the host environments 
for six days, then reisolated and maintained upon culture 
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media for six days before relnoculation for the next 
pessage. Cultures from three mice were pooled to form the 
suooeeding cultui'e in the series. Mice from Vvhich isola­
tions wore to be made received 1 x 10^ organisms. 
Except at the end of the experiment, every third cul­
ture of the two parallel passage series was tested for 
virulence by Inoculating as large groups of mice as possible 
with a like dose of each culture, 3 and RI test mice 
received 2 x 10^ organisma throughout, V7hil6 the L mice 
were given 1 x 10^ organisms until the fourteenth passage 
v/hen the dose was reduced to 5 x 10*^, Since there was no 
signlficent difference iii mortality between these doses, the 
data are treated as if one dose had been employed (Tables 4 
and 5, Figure 1), 
The results differ from those of Wellhausen (21) and 
of Lincoln (11) in that, v;hile in their experiments viru­
lence Increased only after passage through the resistant 
host, in the present experiment highly significant increases 
In virulence v/ere obsex'ved in both the resistant and suscep­
tible host passage series. Vhen compared with the control 
11c total mortality, L Ig and S 1q were the first cultures 
of the respective series to exhibit significant increases in 
virulence. 
Regression coefficients of per cent mortality on number 
of passage were non-significant in all instances, indicating 
Table 4. Complete mortality data for first passage experiment. 
: Virulence tested on 
Culture; Resistant (5) mice ; Susceptible (L) mice ; Resistant (RI) laioe 
; ; : Per cent ; : Per cent : : Per cent 
:Alive:Dead;Total: deed ;Alive;Dead;Total; dead ;Alive!Dead;Total: dead 
s I3 30 10 40 25.0 
s Ig 20 9 29 31.0 
s I9 8 21 29 72.4 0 33 33 100.0 8 16 24 66.7 
S I12 9 9 18 50.0 3 35 38 92.1 5 10 15 66.7 
s Il5 10 5 15 33.3 3 39 42 92.9 10 11 21 52.4 
S lis 10 6 16 37.5 0 15 15 100.0 11 3 14 21.4 
S l£l 9 16 25 64.0 0 45 45 100.0 7 27 34 79.4 
S l24 12 9 21 42.9 0 48 48 100.0 14 12 26 46.2 
S l£7 17 4 21 19.0 4 12 16 75.0 
S IS2 13 16 29 55.2 
Total 138 105 243 43.2 6 215 221 97.3 59 91 150 60.7 
L I5 0 25 25 100.0 
L Is 3 58 61 95.1 
L Ig 15 IS 28 46.4 0 42 42 100.0 
L- Il£ 3 15 18 83.3 4 34 38 87.5 7 8 15 53.3 
L Il5 8 7 15 46.7 3 40 43 93.0 6 15 21 71.4 
L iia 6 8 16 50.0 0 15 15 100.0 4 10 14 71.4 
L 121 12 14 26 53.8 0 43 43 100.0 5 28 33 84.8 
L l24 17 4 21 19.0 2 47 49 95.9 15 12 27 44.4 
L I27 11 10 21 47.6 4 12 16 75.0 
L I32 19 10 29 34.5 
Total 93 81 174 46.6 12 304 316 96.2 41 85 126 67.5 
11c 
total 244 45 289 15.6 42 193 235 82.1 234 138 372 37.1 
Table 5. Combined mortality data for the first experiment shovi?ing effect on 
virulence of passing 11c tiirough resistant (S) and susceptible (L) 
mice. 
' Virulence tested on 
Culture : Resistant (S) mice ; Susceptible (L) mice : Resistant (RI) mice 
series ; • i Per cent : 5 Per cent i i Per cent 
lAlive;Dead;Total; dead ;Alive;Dead;Total; dead ;AlivetDead;Total; dead 
S I 138 105 £43 45.8 6 215 221 97.3 59 91 150 60.7 
LI 95 81 174 46.6 12 304 316 96.2 41 85 126 67.5 
lie 244 45 289 15.6 42 193 235 82.1 234 138 372 37.1 
Tiie following differences are highly significant for all strains of mice; 
SI- 11c, LI- 11c. 
- -
TESTED ON SILVEE ("Suscsp+ible) MICE 
> 
Paasaga SI 
Susc€ptlt>le Passacrie LX 
^Contr ol 
le 15 18 21 £4-
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£T 30 33 
TESTED ON SELECTED CEe5i&+an+) MICE 
lOO 
so 
5usciap+ibte Passage LI 
TO 
UJ 60 
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20 
lO 
30 21 33 e 18 3 13 
NUMBEE OF PASSAGES 
Figure Ic Ylrulenoe of passage cultures in the first 
experiuieut. 
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that, after the initial rise which occurred after 18 and 
36 days of growth in susceptible and resistant hosts 
respectively, continued growth in the host environments 
failed to further increase virulence. Considerable fluctu­
ation in mortality due to uncontrolled environmental in­
fluences was observed despite efforts to attain uniform 
experimental conditions. 
second passage experiment. For this a procedure 
similar to the first -was followed except for the following 
alterations: The bactei'ia were allowed to grow in the host 
environments for a period of £1-24 days during each passage, 
it being considered that any differential effects of the 
contrasting host enviromaents might be more readily detected 
through the longer period of host-pathogen interaction. The 
cultures were reinoculated as fjuickly as possible after 
being Isolated in order to lessen any possible effects of 
cultivation upon culture media. Each passage culture v/aa 
tested for virulence, a comparable group of control mice 
being inoculated at every test with 11c, the initial culture. 
S and HI test mice received a x 10® bacteria; L mice for 
the first seven passages v;ere given 1000 bacteria and 500 
thereafter. 
The results shown in Tables 6 and 7 and Figure 2 were 
identical with those of the first experiment. Highly signi-
fiCEint increases in virulence were noted in both passage 
Table 6. Complete mortality data for second passage experiment. 
Culture 
^^rulence tested on 
Resistant (S) mice ; Susceptible (L) mice : Resistant (RI) mice 
: : Per cent T Per cent : : Per cent 
Alive;Dead:Total: dead ;Alive;Dead;Total: dead ;Alive:Bead:Totel: dead 
S III 52 2 54 3.70 
S II2 14 11 25 44.00 
S II3 59 13 72 18.06 
S II4 17 9 26 34.62 4 29 33 87.88 
s 1I5 15 10 25 40.00 11 25 36 69.44 17 7 24 29.17 
S Il6 11 9 20 . 45.00 2 23 25 92.00 12 12 24 50.00 
S II7 16 10 26 38.46 3 24 27 88.89 14 10 24 41,67 
S lis 16 8 24 33.33 6 18 24 75.00 
S II9 12 12 24 50.00 0 24 24 100.00 
S IIio 2 22 24 91.67 1 23 24 95.83 18 13 31 41.94 
Total 200 95 295 32.20 27 166 193 86.01 75 53 128 41.41 
L III 36 17 53 32.08 
L II2 15 9 24 37.50 
L II3 56 15 71 21.13 
L II4 15 11 26 42.31 2 32 34 94.12 
L II5 20 4 24 16.67 4 34 38 89.47 13 8 21 38.10 
L He 17 7 24 29.17 0 24 24 100.00 5 19 24 79.17 
L II7 21 5 26 19.23 2 24 26 92.31 12 12 24 50.00 
L lis 19 5 24 20.83 8 16 24 66.67 
L llg 14 10 24 41.67 1 23 24 95.83 
L llio 8 16 24 66.67 f7 0 21 24 87.50 14 16 30 53.33 
Total 206 90 296 30.41 20 174 194 89.69 59 64 1E3 52.03 
llci 46 4 50 8.00 
11C£ 
IIC3 61 7 68 10.29 
IIC4 24 1 25 4.00 8 
IIC5 22 2 24 8.33 14 
lice 22 2 24 8.33 1 
11C7 T T _ 
25 
0 
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26 
n  A  
3.85 
0 r z r i  
7 
t  n  
21 3 24 12.50 
£4 32 75.00 
21 35 60.00 16 6 22 27.27 
22 23 95.65 17 7 24 29.17 
20 
c 
27 
0 A  
74.07 
on a r t  
20 4 24 16.67 

s 
S II3 
S II4 
S II5 
s lie 
s II7 
S IIq 
s II9 
S IIio 
Total £00 
14 11 25 44.00 
59 13 72 18.06 
17 9 26 34.62 4 29 33 87.88 
15 10 25 40.00 11 25 36 69.44 17 7 £4 29.17 
11 9 20 45.00 2 23 25 92.00 12 12 £4 50.00 
16 10 26 38.46 3 24 27 88.89 14 10 £4 41.67 
16 8 24 33.33 6 18 24 75.00 
12 12 24 50.00 0 24 24 100.00 
2 22 24 91.67 1 23 24 95.83 18 13 31 41.94 
JOO 95 295 32.20 27 166 193 86.01 75 53 128 41.41 
36 17 53 32.08 
15 9 24 37.50 
56 15 71 21.13 
15 11 26 42.31 2 32 34 94.12 
20 4 24 16.67 4 34 38 89.47 13 8 21 38.10 
17 7 24 29.17 0 £4 24 100.00 5 19 24 79.17 
21 5 26 19.23 2 24 26 92.31 12 12 24 50.00 
19 5 24 20.83 8 16 £4 66.67 
14 10 24 41.67 1 23 24 95.83 
8 16 24 66.67 3 £1 24 87.50 14 16 30 53.33 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
111 
112 
II4 
117 
118 
119 
IIlO 
Total 206 90 296 30.41 20 174 194 89.69 59 64 123 52.03 
llci 46 4 50 8.00 
11C£ 21 3 24 
0
 * 
H
 
lies 61 7 68 10.29 
IIC4 
IIC5 
24 1 £5 4.00 6 24 32 75.00 
22 2 £4 8. 3o 14 21 55 60.00 16 6 22 27.27 
llCg 22 2 24 8.33 1 22 23 95.65 17 7 24 29.17 
11c? 25 1 26 3.85 7 20 27 74.07 20 4 24 16.67 
llCQ 22 2 £4 8.33 19 5 24 20.83 
llCg 
llcio 
17 7 24 29.17 7 17 24 70.83 
14 10 24 41.67 8 16 24 66.67 27 3 30 10.00 
Total 253 36 289 12.46 64 125 189 66.14 101 23 124 18.55 

Table 7, combined mortality data for the second experiment shov;ing effect on 
virulence of passing 11c through resistant (S) and susceptible (L) 
mice. 
Virulence tested on 
Culture 
series 
Resistant (S) mice ; Susceptible (L) mice ; Resistant (RI) mice 
: i Per cent i i Per cent : \ per cent 
Alive;Dead;Total; dead ;Alive;Dead;Total: dead ;Alive:Dead;Total; dead 
S II EOO 95 295 32.20 27 166 193 86.01 75 53 128 41.41 
( 
L II 206 90 296 50.41 20 174 194 89.69 59 64 123 52.03 
11c 253 36 289 12.46 64 125 189 66.14 101 23 124 18.55 
The follov;ing differences are highly significant for all three strains of mice; 
S II - 11c, LII - 11c. 
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Figure 2. Virulence of passage cultures in tiie 
second experiioent* 
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series v/ith no significant differences between tbeia, signi­
ficant increases in virulence when compared vi/ith concurrent 
11c controls were observed in the first passage through 
susceptible mice end in the second passage through resistant 
mice. 
Correlation coefficients between the various culture 
series were of the order of 0.5-0.9 indicating similar 
responses to environmental factors. This is illustrated by 
the sharp rise in mortality by all culture series in the 
last two tests upon the S resistant mice and by the sharp 
drop in mortality in the eighth test upon the L mice. 
Regression coefficients of mortality on passage were 
significant only for the S II and 11c control series tested 
upon the S resistant mice. Since the same cultures tested 
upon the L and RI mice yielded non-significent regressions 
and since lie did not undergo passage, it is felt the signi­
ficant regressions are due to chance variation and hence do 
not indicate a real continued increase in virulence as the 
experiment progressed. This is rendered probable v/hen the 
past stability of virulence evidenced by 11c is considered. 
Examination of the final cultures of the two passage 
series shov^ed both to be apparently pure for a very smooth 
(degree 1) colony type giving the impression of having pin 
pricks on the surface. Although this variant type has never 
been observed in 11c, evidence to be presented later indi­
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cates that it very likely is present in the culture. Regard­
less of its origin, the increased virulence observed follow­
ing host passage appears to have resulted from the greater 
survival ability possessed by this more virulent variant, 
thereby enabling it to displace less virulent members of 
the bacterial population growing in the selective environ­
ment of the animal host. 
Effect of passage upon virulence of single-cell cultures 
To determine if increased virulence results only by 
selection of preexisting variability or v/hether adaptive 
variability may arise in some other manner, single-cell 
cultures vjere employed as initial cultures for the remainder 
of the passage experiments. If bacteria be considered to 
multiply solely by vegetative fission, a single-cell culture 
presumably is composed of like individuals. In such a 
poptilation selection would be ineffective unless new varia­
bility were to arise. 
Third passage experiment. The initial culture for the 
third experiment v;as 22o (Table 3), a single-cell culture 
of somewhat rough colony type (degree 4) and lov/ virulence. 
It was obtained from 11c by isolating and replating a 
single colony five successive times following the method sug­
gested by McNew (14). That the resulting culture is derived 
from a single cell is supported by data obtained with the 
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single-cell technique described earlier. ITom an actively 
grov/ing 6-hour broth culture which was agitated as little 
as possible, 500 groupings of bacteria v;ere counted at 
lOOOx with the following results: 
Single cells 42£ 
Doublets 75 
Triplets 2 
Total 500 
Thus the probability of not obtaining a single oell at one 
plating is 78/500 and in five platings (78/500)® = 1/10,900, 
Since in an actively growing culture most of the doublets 
are but a fev; minutes removed from e single cell, this 
result may be considered as a maximum estimate of the 
probability of not obteining a single oell in at least one 
of the platings. 
The bacteria were alloviied to grow in the host environ­
ment for £1-24 days at each passage, reinoculations being 
made as juickly as possible after adequate identification. 
Bacteria recovered from only one mouse formed the next 
culture of the series to avoid any chance of combining 
cultures with virulence changes in opposite directions. 
Although original plans v/ere to measure virulence by 
estimation of the median lethal dose (LD50), this method of 
analysis proved unsatisfactory, since in many instances 50 
per cent mortality vjas not observed even at the highest 
doses. Consequently, mortality data for the various doses 
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Of eaoli culture tested were coiitoiiied and the average dosage 
indicated. The following results, obtained in testing the 
first resistant passage culture (s upon resistant 
mice, illustrate the manner in v;hich mortality data for 
different dosages were combined; 
Dose Log Number Number Total 
dose alive dead 
2 X 10® 5.3 7 3 10 
P X 10^ 6.2 2 8 10 
1 X 10? 7.0 0 10 10 
Total 18.6 9 21 30 
Mean dose = antilog 6.2 = 1.6 x 10® approximately. 
These values of the mean dose and total mortality are 
found in Table 8 in the appropriate columns. With one 
exception to be noted later, the differences in dosages 
emphasize the differences in virulence indicated by the com­
bined mortality; i.e., if the two cultures being compared 
v/ere not inoculated at the same doses, the culture causing 
the higher mortality was given in smaller doses. 
The results of the third passage experiment (Tables 8 
and 9, Figure 3) differ from those of the first tv/o in that, 
v/hlle virulence failed to increase during ten passages 
thixjugh the susceptible mice, a highly significant increase 
in virulence was observed in the first passage culture 
isolated after 21 days of growth in the resistant mice. 
Table 8. Complete mortality data for third passage experiment, 
combined. 
Different dosages 
Virulence tested on 
Susceptible (L) miceT Culture Resistant (S) mice 
Mean 
dose 
• 
• 
:Alive 
• 
• 
:Dead 
• • 
• • 
:Total: 
Per cent: 
dead : 
Mean 
dose 
• 
• 
:Alive 
• 
• 
:Dead 
• 
• 
:Total 
:Per cent 
; dead 
X 10® 9 21 30 70.0 400 1 35 36 97.2 
ft 7 17 24 70.8 320 10 14 24 58.3 
« 2 22 24 91.7 Tf 8 16 24 66.7 
X 10^ 12 12 24 50.0 250 4 1& 23 82.6 
n 24. 12 36 33.3 f» 8 16 24 66.7 
Tt £0 16 36 44.4 
TT 19 14 33 42.4 500 7 20 27 74.1 
105 13 8 21 38.1 130 3 5 8 62.5 
t t  8 7 15 46.7 tf 7 15 22 68.2 
n 4 20 24 83.3 TT 0 8 8 100.0 
S nil 1.6 
S IIID 
S III3 
S III4 2.5 
S III5 
s iiie 
s III7 
S IIIR 
S III9 
S IIIio 
Total 5 X 10® 118 149 267 55.8 240 48 148 196 75.5 
1.6 X 10® 21 9 30 30.0 400 31 5 36 13.9 
ft •24 0 24 0.0 320 21 3 24 12.5 
8 X 10® 16 8 24 33.3 3,200 22 2 24 8.3 
2 X 107 18 6 24 25.0 8,000 19 5 24 20.8 
fT 34 2 36 5.6 40,000 23 1 24 41.7 
5 X 10' 26 9 35 25.7 
TT 18 15 33 45.5 1 X 10® 21 6 27 22.2 
1 X 10*7 12 9 21 42.9 16,000 18 2 20 10.0 
2 X 106 15 5 20 25.0 TT 20 5 25 20.0 
tf 23 9 32 28.1 ft 19 1 20 5.0 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
nil 
III2 
Ills 
1114 
1115 
iiie 
1117 
IIIq 
1119 
IIIlO 
Total 7.8 X 10*^ 207 72 279 25.8 
28 2 30 6.7 
24 0 24 0.0 
21 3 24 12.5 
18 6 24 25.0 
26 10 36 27.8 
29 7 36 19.4 
p.l 1 P. KK afi-4. 
9,300 194 30 224 13.4 
11 36 30.6 
7 23 30.4 
7 24 29.2 
2 24 8.3 
0 24 0.0 
2 24 8.3 
g 27 22-2 
22ci 
22c^ 
2203 
22C4 
22Cg 
22cg 
PPnn 
1.6 X 10^ 
2 X 10^ 
8 X 106 
5 X lO"^ 
n 
Tt 
n 
400 
320 
3,200 
8,000 
5 X 10'^ 
2 X lOf 
1 TT 10° 
25 
16 
17 
22 
24 
22 
P.l 

S III5 
S Iiie 
s III7 
S IliQ 
S Illg 
S IIIlO 
Total 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
nil 
1112 
1113 
1114 
1115 
III 6 
III7 
IIIq 
Illg 
IIIlO 
n 24 12 36 33.3 TT 0 iO at DO. Y 
ti 20 16 36 44.4 
T1 19 14 33 42.4 500 7 20 27 74.1 
4 X 105 13 8 21 38.1 130 3 5 8 62.5 
8 7 15 46.7 7 15 22 68.2 
n 4 20 24 83.3 n 0 8 8 100.0 
5 X 10^ 118 149 267 55.8 240 48 148 196 75.5 
1.6 X 10® 21 9 30 30.0 400 31 5 36 13.9 
ft 24 0 24 0.0 320 21 3 24 12.5 
8 X 10® 16 8 24 33.3 3,200 22 2 24 8.3 
2 X 107 18 6 24 25.0 8,000 19 5 24 20.8 
ff 24 2 36 5.6 40,000 23 1 24 41.7 
5 X 10^ 26 9 35 25.7 
ft 18 15 33 45.5 1 X 10® 21 6 27 22.2 
1 X 10^ 12 9 21 42.9 16,000 18 2 20 10.0 
2 X 106 15 5 20 25.0 tt 20 5 25 20.0 
ff 23 9 32 28.1 n 19 1 20 5.0 
M 
H 
Total 7.8 X 10® 207 72 279 25.8 9,300 194 30 224 13.4 
1.6 X 10® 28 2 30 6.7 400 25 11 36 30.6 
2 X 10® 24 0 24 0.0 320 16 7 23 30.4 
8 X lOj 21 3 24 12.5 5,200 17 7 24 29.2 
5 X lo' 18 6 24 25. 0 8,000 22 2 24 8.3 
n 26 10 36 27.8 5 X 10^ 24 0 24 0.0 
tt 29 7 36 19.4 2 X 105 22 2 24 8.3 
ft 21 12 33 36.4 1 X 10® 21 6 27 22.2 
1 X 10' 14 7 21 33.3 16,000 16 4 20 20.0 
2 X 10® 16 4 20 20.0 ft 21 4 25 16.0 
tf 22 10 32 31.3 f f  17 3 20 15.0 
22ci 
22c^ 
2263 
22C4 
22C5 
22cg 
22C7 
2200 
22Cg 
22C10 
Total 9.5 X 10® 219 61 280 21.8 12,900 201 46 247 18.6 

Table 9, Combined mortality data for tiiird experiment shov/ing effect on viru­
lence of passing 22c through resistant (S) and susceptible (L) mice. 
Virulence tested on 
Culture Resistant (S) mice Susceptible (L) mice 
series Mean • • • • « • • « Per cent Mean • * « • • « ;Per cent 
dose ;j\live ;Dead;Total; dead dose ;Alive;Dead; Total ; dead 
S III 5 X 10^ 118 149 267 55.8 240 48 148 196 75.5 
L III 7 .8 X 10® 207 72 279 25.8 9,500 194 30 224 IS.4 
22c S .5 X lo'^ 219 61 280 21.8 12,900 201 46 247 18.6 
The folloviing differences are highly significant for both strains of mice; 
S III - L III, S III - 22c. 
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Figure 3. Virulence of passage culturea in the third 
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Exainination of this culture showed it to be composed pre­
dominately of the seme virulent smooth colony type as the 
final cultures of the second experiment. Less than 5 per 
cent of the colonies v/ere of the parent rough type. Subse­
quent cultures of the series vvere of the seme high virulence 
and apparently pure for this smooth colony type v/hich will 
henceforth be referred to as the VS (virulent smooth, 
degree 1) type. 
Examination showed cultures of the susceptible passage 
series to be pure for the parent rough type indicating that 
the VB type was not present in the original culture. This is 
supported by examinations of platings from 2Zo, 
Total mortality for the experixaent shows the resistant 
passage series to be significantly more virulent than either 
<i2c or the susceptible passage series even though inoculated 
in considerably smaller doses. This discrepancy in dostis 
should be kept in mind when Figure 3 .is being considered. 
No difference in virulence of 22c and the susceptible passage 
series vms noted, 
Dosage-moi'tality curves were fitted to the passage 
culture data accumulated during the experiment. An example 
of the type of data to v;hich these curves were fitted is 
presented in the appendix in Table 24. The estimated LDSOs 
and constants of the curves necessary to make comparative 
tests of significance are given in Table 10, Bliss (2) 
Table 10. Constants from fitted dosage-mortality curves /Y i a + b(X - xj7 
third experiment. 
Curve 
Goodness 
of fit 
P = 
• 
• 
: liOg LD50 
• 
• 
; Y*LB50 : a = y : X ; b 
• • » • 
; Y*(a) 
* 
« 
S III 
S III 
L III 
L III 
on 
on 
on 
on 
L 
S 
L 
3 
.026 
.03 
>.05 
^.01 
1.4856 
5.4740 
7.0504 
7.8450 
.08818 
.02043 
.08045 
.08910 
5.6379 
5.1154 
4.3349 
4.5164 
2.2097 .8809 
5.5908 .9884 
6.4278 1.0682 
7.3574 .9920 
.0270 
.C195 
.0447 
.0474 
curve V*(b) 
• 
Sw** : 
* 
• 
: degrees ; 
; freedom : 
: n : 
j2 
n 
S III 
S III 
L III 
L III 
on 
on 
on 
on 
L 
S 
L 
S 
.0789 
.0325 
.1212 
.1698 
93.030 
133.133 
22.372 
108.406 
28.1228 
79.0974 
8.8115 
30.0310 
31.9262 
80.0258 
8.2490 
30.2640 
6 
5 
3 
4 
2.5195 
2.6006 
1.1955 
5.1400 
•Variance of quantity indicated. 
**Sum of weights, 
•••corrected sum of products and sum of squares respectively. 
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gives appropriate formulas for comparison of dosage-
mortality data. Comparison of positions for the same log 
dose 3hov;s a highly significant difference in virulence in 
favor of the S III cultures. 
A test whereby Q single observation may be tested for 
agreement with a dosage-mortality curve shov;s the levels of 
virulence attained in the first tv/o experiments to agree 
within limits of sampling errors v/ith the ciirve of the S III 
cultures, such agreement would be expected for the second 
experiment, since in each of the three series of cultures 
(S II, L II, S III) the evolved bacterial population was 
pure for the VS colony type. 
Virulence changes in passage cultures after reversal 
of hosts. The resistant (S III) and susceptible (LIII) 
passage series of the third experiment v.-ere twice submitted 
to the environment of the contrasting host. The first such 
host reversal was made after five passages. Thus, s III5, 
previously inhabiting resistant mice, v^'aa passed through 
susceptible mice three times forming the S III5 L series. 
Similarly, L III5 passed three times throu^ resistant mice 
formed the L III5 B series. 
Results of the first reversal are given in Table 11. 
The high virulence of S Illg was maintained during three 
successive passages through susceptible mice. The second 
reversal passage through resistant hosts of the previously 
Table 11. alttect of reversal of iiosts upon virulence of S III5 and L Ills* 
Virulence tested on 
Culture Resistant (S) mice • • Susceptible (L) mic 8 
Mean ; 
dose ;/ ilive 
• 
:Dea 
« • * 
d;Total: 
Per cent 
dead 
: Mean 
dose 
• 
0 
• 
• live 
« • 
• • 
;Dead; 
:Per cent 
Total: dead 
S III5 L, 
S III5 L£ 
S HIj5 Lg 
4 
2 
£ 
X 
X 
X 
106 
10® 
10^ 
8 
8 
8 
28 
25 
20 
36 
33 
28 
77.8 
75.8 
71.4 
40,000 
250 
16,000 
3 
2 
1 
21 
24 
19 
24 
26 
20 
87.5 
92.3 
95.0 
Total 2. 5 X 10® 24 73 97 75.3 5,000 6 64 70 91.4 
L III5 SI 
L III5 S2 
L III5 Ss 
4 
2 
7 
X 
X 
X 
106 
10^ 
31 
2 
8 
5 
31 
13 
36 
33 
21 
13.9 
94.0 
61.9 
4,000 
1 X 10® ^ 
1.6 X 10^ 
21 
0 
2 
2 
27 
18 
23 
27 
20 
8.7 
100.0 
90.0 
Total* 4 X 10® 10 44 54 81.5 1.3 X 10^ 2 45 47 95.7 
*L III5 excluded. 
38 
lowly virulent L III5 culture resulted in an explosive 
increase in virulence to the high level characteristic of 
the resistant passage series. However, the significantly 
higher mortality of L III Sg over L III may be due in 
part to the discrepancy in doses. Evidence that these cul­
tures do differ significantly in virulence may be obtained 
by comparisons with the dosage-mortality curves of the highly 
virulent S III and non-virulent L III passage series 
(Table 10). Such comparisons show that for both strains of 
mice, L III5 S;j^ agrees v»ith the L III curve and differs 
significantly from the 3 III mortality curve. Conversely, 
the combined mortality for L III Sg and L III Sg agrees 
within random errors with the S III curves but differs signi­
ficantly from the L III cxirves. The conclusion that viru­
lence increased significantly following the second reversal 
passage of L Illg through resistant mice is, therefore, well 
supported. 
Examination of the L IV5 S cultures showed again the 
same profound change from a pure rough population (L III5 S^) 
to an almost pure VS population (L III5 Sg). The third 
culture of the series seemed pxjre for the VS type. 
In this third ea^jeriment, therefore, virulence increased 
suddenly from very low to very high levels in tv;o instances, 
each time accompanied by profound changes in the character 
of the bacterial population. These observations agree with 
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those of tile second experiment in indicating that increased 
virulence results froiri interaction with the selective host 
environment v»'hich favors propagation of more virulent 
bacterial variants arising or preexisting in the bacterial 
population. 
A similar reversal after nine passages succeeded only 
in maintaining the original levels of virulence through four 
reversal passages (Table 12). 
Fourth passage experiment. The Initial culture for 
this experiment v;as 22c which had been maintained upon agar 
slants for 8 months after single-celling. Four series of 
passage cultures v/era maintained simultaneously, two in 
Selected mice (s IV A and £ IV B) and two in Silver mice 
(L IV A and L IV B). The bacteria were allowed to grow in 
the respective host environments for 21-24 deys at each 
passage. Each culture of the four series was tested for 
virulence upon both resistant and susceptible mice. 
Results (Tables 13 and 14) were completely negative as 
no sustained significant increese in virulence was observed 
in any of the series during five passages. 
Examination of the passage cultures showed them to be 
identical in colony type to the parent culture, 22c. 
These observations indicate a high degree of stability 
in virulence of this particular lowly virulent single-cell 
culture, especially when the large number of generations 
Table 1£- Effect of reversal of hosts upon virulence of S III 9 and L III 9. 
Virulence tested on 
Culture Resistant (s) mice Susceptible (L) mice 
: Mean : • • • • ;Per cent; Mean ; « • • * :Per cent 
dose ; Alive :Dead ;Total ; dead : dose :i-.live iDead: Total ; dead 
S III 9Li 2 X 10® 11 21 32 65.5 1.6 X 10^ 1 19 20 95.0 
S III 9L2 5 10 15 66.7 If 3 17 20 85.0 
S III 9L3 t? 5 9 14 64.3 ff 5 15 20 75.0 
S III 9L4 ff 8 11 19 57.9 ff 2 16 18 88.9 
Total 2 X 10^ 29 51 80 63.8 1.6 X 10^ 11 67 78 85.9 
L III 9Si 2 X 10® 23 9 SB 28.1 1.6 X 10  ^ 18 2 20 10.0 
L III 932 tl 13 2 15 13.3 ff 16 4 20 20.0 
L III 9SS T» 12 3 15 20.0 ff 19 1 20 5.0 
L III 934 ff 14 5 19 26.3 ff 17 3 20 15.0 
Total 2 X 10® 62 19 81 23.5 1.6 X 10  ^ 70 10 80 12.5 
22ci 2 X 10® 22 10 32 31.3 1.6 X 10  ^ 17 3 20 15.0 
22G2 ?r 13 2 15 13.3 ff 18 2 20 10.0 
2203 ff 12 4 16 25.0 ff 17 3 20 15.0 
2204 ft 18 2 20 10.0 tf 17 3 20 15.0 
Total £ X 10^ 65 18 85 21.7 1.6 x 10^ 69 11 80 13.8 
Table 13, Complete mortality data for fourtli passage experiment. Different 
dosages combined. 
; Virulence tested on 
Culture : Resistant (S) mice ; Susceptible (L) mice 
: Mean i : ;Per cent; Mean : : i ;Per cent 
; dose ;Alive;Dead;Total; dead ; dose :Alive;Dead;Total; dead 
S IV At 2 X 10® 23 5 28 17.9 1,6 X 10"^ 17 3 20 15.0 
S IV Ac " 14 6 20 30.0 " 20 7 27 25.9 
S IV Aci " 21 11 32 34.4 " 10 10 20 50.0 
S IV Ai " 13 3 16 18.8 " 16 " 4 20 20.0 
S IV A5 " 13 3 16 18.8 " 15 5 20 25.0 
Total 2 X 10® 84 28 112 25,0 1.6 x 10^ 78 29 107 27.1 
S IV Bn 2 X 10® 18 10 28 35.7 1.6 x 10^ 14 5 19 26.3 
S IV Bo " 14 6 20 30.0 " 19 6 25 24.0 
S IV B3 " 25 7 32 21.9 " 18 2 20 10.0 
S IV BJ " 12 4 16 25.0 " 16 4 20 20.0 
S IV Bg " 12 4 16 25,0 " 18 1 19 5.3 
Total 2 X 10® 81 31 112 27.7 1.6 x 10^ 85 18 103 17,5 
L IV Ai 2 X 10® 20 8 28 28,6 1.6 X 10^ 18 2 20 10.0 
L IV A2 " 16 4 20 20.0 " 18 7 25 28,0 
L IV A^ " 19 13 32 46.6 " 17 2 19 10.5 
L IV A4 " 14 2 16 12,5 " 17 3 20 15.0 
L IV A5 " 12 4 16 25.0 " 16 4 20 20.0 
Total 2 X 10® 81 31 112 27.7 1.6 x 10^ 86 18 104 17.3 
L IV Bi 2 X 10® 18 10 28 35.7 1.6 x 104 15 5 20 25.0 
L IV Bp " 15 7 20 35.0 " 20 5 25 20.0 
L IV B3 " 23 9 32 28.1 " 17 3 20 15.0 
L IV B4 " 13 3 lo 18.8 " 17 2 19 10.5 
L IV B5 " 10 4 14 28.6 " 16 4 20 20.0 
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Table 14. Combined mortality data for the fourth experiment shoviing effect on 
virulence of passing 22c through resistant (S) end susceptible (L) 
mice. 
• 
• Virulence tested on 
Culture • Resistant (S) mice Susceptible (L) mice 
series ; Mean • * * * • « :Fer cent Mean • • • • • • :Per cent 
: dose ;Alive ;Dead :Total : dead dose :Alive ;Dead:Total : dead 
S IV A 2 X 10^ 84 28 112 25.0 1.6 X 10^ 78 29 107 27.1 
S IV B ft 81 31 112 27.7 ff 85 18 103 17.5 
L ry A T1 81 51 112 £7.7 tf 86 18 104 17.3 
L IV B !? 77 33 110 30.0 rt 85 19 104 18.3 
22 c TT 77 27 104 26.0 TT 89 16 105 15.2 
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Of bacterial growth during the experiment are con­
sidered. 
Fifth passage experiment. Two single-cell cultures, 
40 and 9D, (Table 3) were the initial cultures for the 
fifth passage experiment. These cultures are single-cell 
isolations made by the micromanipulator technique from 
variant colonies observed in 11c. The two cultures differ 
widely in virulence and colony morphology, 4c is the pre­
dominant, quite smooth type of colony present in lie and 
does not differ from its parent culture in virulence, 9D is 
the roughest colony type and the least virulent culture 
observed during this experiment. Although the mortality 
data of Table 3 do not yield a significant value of when 
9D is compared with 2So on resistant mice, the same compari­
son on susceptible mice shov/s 9D to be significantly less 
virulent than 22o even though the mice were given on the 
average ten times the dose of 22c, 
Parallel passage series for both of these cultures v/ere 
maintained simultaneously, Cultui-es derived by passage of 
9D through the resistant (S) and susc^tible (L) mice v.rill 
be indicated as 9DS and 9DL respectively. Corresponding 
derivatives of 40 are 4CS and 40L. 
Virulence was tested by inoculating balanced groups of 
S and L mice with a standard range of doses of each of the 
cultures. This balancing procedure allows pooling of 
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mortality data on both strains at all doses, Exc^t for an 
occasional escaped mouse or other accidental death no 
serious bias should accrue from this pooling of data. 
Results (Table 15) show no differences in virulence 
between 40 and its passage derivatives. Neither was there 
a change in colony type during the experiment. However, 
both the 9DS and 9DL series of cultures shov/ a small but 
statistically sigjiificant increase in virulence over that 
of the parent culture, 9D. Examination of passage deriva­
tives of 9D revealed no discernible change from the parent 
colony type. These are the only instances in which increased 
virulence after passage has been unaccompanied by an easily 
perceptible change in the bacterial population. The magni­
tude of the virulence increase, hov/ever, is much less than 
those previously observed. 
Although this slight increase in virulence could be due 
to some form of physiological stimulation, this seems iinlikely 
because neither of the passage derivatives of 40 exhibited 
any increased virulence when subjected to similar environ­
ments, l<tirther evidence against any such physiological 
stimulation is furnished by the susceptible passage series 
of the third experiment and by the four passage series of 
the fourth experiment, none of which showed any increased 
virulence after long periods of growth in the host environ­
ments, A more plausible explanation for the observed 
Table 15, Mortality data for total of all balanced atrain-organism-dose 
groups for fifth passage experiment. 
9d and derivatives 4C and derivat ives 
• 
• 
Culture: Alive ; Bead : Total 
;Per cent 
; dead 
* 
Culture; Alive 
t « 
• • 
Dead : Total 
:Per cent 
; dead 
9Di 
9D2 
25 
44 
22 
3 
3 
2 
28 
47 
24 
10.7 
6.4 
8.3 
4Ci 
402 
40^ 
13 
26 
12 
23 
31 
IE 
36 
57 
24 
63.9 
54.4 
50.0 
Total 91 8 99 8.1 Total 51 66 117 56.4 
9DSI 
9DS2 
9DSs 
21 
41 
17 
7 
7 
7 
28 
48 
24 
25.0 
14.6 
29.2 
4CSi 
4CS2 
4CS3 
13 
18 
13 
21 
37 
11 
34 
55 
24 
61.8 
67.3 
45.8 
Total 79 21 100 21.0 Total 44 69 113 61.1 
9DLI 
9DL2 
9DL3 
22 
39 
18 
7 
10 
6 
29 
49 
24 
24.1 
20.8 
25.0 
4CLi 
4CL2 
4CLS 
13 
16 
15 
22 
38 
9 
35 
54 
24 
62.8 
70.4 
37.5 
Total 79 23 102 22.5 Total 44 69 113 61.1 
The following differences are highly significant; 9DS total - 9D total, 
9DL total - 9d total. 
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virulence increases would seem to be selection in the host 
of morphologically indistinguishable, more virulent variants 
arising in the originally single-cell culture. 
In summarizing the results of the passage experiments 
it should be emphasized that virulence changes are direc­
tional; no decrease in virulence has ever been observed 
following passage either through resistant or susceptible 
hosts. This absence of any differential effects of the con­
trasting host environments differs from the observations of 
Wellhausen (20) and Lincoln (11) upon bacterial v/ilt of 
maize«, The increases in virulence observed by these workers 
were more gradual and progressive vdth continued passage* 
In the present experiments, however, increases in virulence 
from very low to very high levels have occurred suddenly 
during only one passage after which further growth in the 
host environment resulted in no fui-ther increase in viru­
lence, The accompanying changes in the bacterial popula­
tions were equally more rapid. 
Perhaps the greatest contrast to Vfellhausen^s (21) and 
Lincoln's (11) observations is the relative rarity of 
observed virulence changes in the present experiments. In 
experiments initiated by single-cell cultures only tvi/o of a 
total of twelve passage series have exhibited large in­
creases in virulence. Lincoln (11) consistently observed 
virulence changes in single-cell cultures after host passage. 
47 -
It appears, therefore, that the change to a more patho­
genic form occurs less frequently in Salmonella typhimurlum 
than in Phytomonas stewartli. A complicating factor to 
such a conclusion, however, is the probable greater 
numbers of bacteria present in an infected corn plant, 
since the characteristic lesions are due to mechanical 
blocking of the vascular system by masses of bacterial 
growth (21), 
In this connection the significantly greater frequency 
of large increases in virulence following passage of 11c 
(4 of a total of 4 series) than after passage of single-cell 
cultures (2 of a total of 12 series) indicates the probable 
existence of the TS colony type in the 11c culture, (Exact 
P = 0.008.) 
Correlation of changes in virulence with changes in the 
bacterial populations strongly suggests that increased 
virulence following host passage results from host selection 
of more virulent bacterial variants either preexisting or 
newly arisen in the bacterial population. This hypothesis 
would be strengthened by evidence showing the occurrence 
of variations in virulence and the existence of a selective 
activity in the host environment. Such evidence is pre­
sented in the following pages. 
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variability In virulence In a stock culture 
It has already been indicated that the stock culture, 
lie, is composed of a number of bacterial types differing 
in virulence and colony surface. The culture is composed 
predominately of a type similar to 40 and exhibits the same 
degree of virulence, Quantitative examinations show an 
average of 88 per cent of the 40 type and 12 per cent of 
rougher types divisible into several classes. 
Five colony types forming a closely graded series with 
respect to smoothness of colony surface have been isolated 
from 11c, In an arbitrary scale of smoothness, 1 is the 
smoothest and 5 the roughest (least smooth). There is a 
high correlation between virulence and degree of smoothness 
in this series of cultures, the smoother variants being 
more virulent. Relative virulence of the original isolates 
is shovm. in Table 16, 
11C-3B, a very smooth type (degree 1), was the first of 
several unstable cultures to be discovered. Platings of 
smooth colonies after 18 hours of incubation regularly pro­
duced the parent type and a slightly rougher type similar to 
11C-4B in the ratio of about 4;1, Single-cell isolates from 
smooth colonies exhibited the same behavior. The rough 
colonies gave only rough. A second unstable smooth culture, 
USi, was Isolated from a plate of llc-9-3. Platings of 
smooth colonies of this culture after 18 hours of growth in 
Table 16, Virulence of variants differing in colony morphology isolated from 
11c. 
Virulence tested on 
Culture Degree of : Resistant {S ) mice • Susceptible (L) mice 
smoothness; Mean : : « • ; : Mean ; ; ; * rU 
• 
• dose :Alive:Dead :Total :dead: dose :Alive;Dead:Total :dead 
llc-SB 1 2 X 10® 14 10 24 41.7 1.6 X 10^ 14 16 30 53.3 
11C-4B 2 16 8 £4 33.2 12 18 30 60.0 
11C-5B 3 " 18 6 24 25.0 « 28 2 30 6.7 
11C-6B 4 •' 18 6 24 25.0 " 29 1 30 3.3 
llc-9-3 5 21 2 24 12.0 " 29 1 30 2.3 
On total of iDOtii strains of mice llc-3B and llc-4B are significantly more viru­
lent than llc-5B, llc-5E, and llc-9-3. 
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broth regularly yield the smooth parent type and a rough 
type identical to llc-9-3 in tJie ratio of approximately 1:4. 
The contrast betv^een the unstable smooth and stable rough 
types is much greater here than in llc-3B. 
11C-4B, the most frequent type in 11c, was the parent 
culture of the single-cell isolate 40. llc-4B, llc-5B, and 
11C-6B are distinguished by small differences in colony 
surface. 22c, isolated previously, is similar to II0-6B in 
colony type. 
The roughest type in the series, llc-9-3, is the parent 
colony of 9D, a single-cell isolate used in the fifth 
passage experiment. The difference in colony surface betv/een 
11C-6B and llc-9-3 (degrees 4 and 5) is the largest in the 
series. 
In general, size and shape of colony are correlated with 
degree of smoothness, rougher colonies being flatter and 
larger in area. As already indicated, the highly virulent 
VS colony type is of degree 1 smoothness. 
More extensive virulence tests of three of the five 
grades of smoothness have been shown in Table 3, Although 
11c is composed of a mixture of bacterial types of v»ide 
variation in virulence, its virulence has not changed during 
years of maintenance upon artificial media. This is good 
evidence against any pronounced selective effect of culture 
media favoring either extreme in virulence. 
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It is probable that not all variant types existing in 
the stock culture have been discovered. Even so, a bac­
terial population with such a reserve of variation should 
conceivably undergo a more successful evolution v/hen grown 
in a changed environment than a more homogeneous population— 
e.g., one recently derived from a single cell. Although 
based on but few observations, this has been exemplified in 
the passage experiments considered earlier. 
Variation v/lthin single-cell cultures 
Since ordinary Mendelian processes of variation are 
generally considered non-operative in bacterial populations, 
some other mechanism must be sought as the sotiroe of varia­
tion. Mutation is one possible and probable mechanism, and 
the observation of variant bacterial types immediately 
suggests their origin by a mutative process. Variation among 
the progeny of a single cell strengthens this viewpoint. 
The changes in character of bacterial populations 
observed during the third passage experiment indicate the 
origin of the same more virulent bacterial variant on two 
different occasions in a single-cell culture. However, 
instances of variants arising in single-cell cultures with 
no intervening host passage have been observed in the course 
of this study. 
Most striking such example occurred in a single-cell 
culture (VSSCi) of the VS type obtained from S IIIio ^ 7 five 
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suocessive single colony reisolations. ^UTter maintenance on 
agar slants for four months, three rougher variants were 
isolated from the culture. Though slightly different in 
morphology, two (VS-1 and VS-2) v;ere accorded degree 4 and 
one (VS-3) degree 5 in the scale of smoothness, virulence 
tests showed these variants to he significantly less virulent 
than the parent culture (Table 17). Similar rough variants 
have been found in two non-single cell cultures (S IIio 
S III5 Lg) of the VS type. 
3[n a culture derived from L IIIiq (degree 4 smoothness) 
a smoother colony type was isolated eight months after 
single-celling, Vvhen plated, this smoother variant (US2) 
proved to be unstable displaying a behavior identical to 
that of USj. described earlier. The roughs from the unstable 
smooth colonies were identical not with the L IIIio type but 
to the degree 5 rough type produced by described earlier. 
If this behavior is the result of gene mutations, three 
members of an allelic series are indicated here: the stable 
gene of the original degree 4 culture in which the smooth 
variant arose, the unstable gene present in the unstable 
smooth type, and the stable gene of the degree 5 colonies to 
which the unstable gene mutates. 
No quantitative estimate of the rate of variation has 
been made in this investigation. Lincoln (11) has shown 
rates of mutation in Phytomonas Stewartil to be of the same 
Tatile 17. Virulence of variants from single-cell culture of virixlent smooth 
colony type. 
Culture Degree of :] 
smoothness;* 
aeslstant (HI) mice 
Virulence 
Mean 
dose 
IT iO 
:Aliv e;Dead:Tot al;Dead 
tested on 
Susceptible 
Mean 
dose 
(Ba) mlcF" 
T 
;Aliv e;Dead;Tot al:Dead 
VSSCi 2 x 10^ 11 13 24 54.2 1.6 x 10^ 6 24 30 80.0 
L IIIio 3Gi 4 " 18 6 24 25.0 " 21 9 SO 50.0 
VS-1 4 " 23 1 24 4.2 " 25 5 50 16.7 
VS-2 4 " 24 0 24 0.0 " 26 4 30 15.3 
VS-3 5 " • 20 4 24 16.7 " 24 6 30 20.0 
On the total of both strains the differences VSSCn - (L III SOn, VS-3, VS-1, 
VS-2) are highly significant} the differences L III SC^ - (VS-I, VS-2) are sig 
nificant. 
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order of magnitude as in higher organisms, i\hile the 
Isolated examples of variation within single-cell cultures 
cited above are only suggestive of a mutational type of 
change, they do furnish a q^ualitative demonstration of 
virulence variation within pure cultures of Salmonella 
typhimurium. 
Differential survival of virulent and non-virulent bacteria 
in the host environments 
Virulent strains of Salmonella typhimuriujg are charac­
terized by a colony morphology distinguishable from that 
possessed by lowly virulent strains. Thus, a morphological 
character may be utilized to identify a physiological attri­
bute in mixtures of strains of contrasting virulence. 
By inoculating mixtures of known proportions of virulent 
and non-virulent bacteria and subseq.u6ntly reisolating and 
determining the proportions, a marked difference in the 
strains' ability to grow in the host environment may be 
demonstrated. 
Several such experiments employing three different com­
binations of cultures have been performed. Since observations 
during the host passage experiments indicated a selection 
favoring virulent types in both resistant and susceptible 
mice, only mixtures composed of a low proportion of virulent 
bacteria were employed. Four isolations were made from each 
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mousej ascitio fluid, spleen, liver, and heart. Cultured 
sections of liver and spleen were momentarily dipped in 
boiling v;ater to kill bacteria upon the surface. Cultures 
were incubated 18 hours before plating, since direct platings 
were not practicable. 
The results presented in Table 18 are the average 
percentage of virulent types of all mice dissected, each 
mouse being given equal weight. The nuiaber of mice making 
up each entry is not constant because of more deaths among 
susceptibles and failures to obtain growth in isolations. 
No statistical analysis is necessary to show an imme­
diate and pronounced differential growth of the contrasting 
bacterial types in the environments afforded by all the 
strains of mice. Shifts in the mixed populations are of the 
same order of magnitude as the changes observed in originally 
single-cell cultures in the third passage eaqperiment. 
Although a somewhat greater early increase in proportion 
of virulent types was observed in the resistant strains of 
mice, the difference is small compared with the actual 
increase observed in the suscQ)tible mice. Therefore, little 
or no biological significance is accorded it, particularly 
in relation to the long course of events in en epidemic. 
Analysis of differences among the four isolations from 
the same mouse shows a significantly lower Increase in per­
centage of virulent bacteria in the ascitic fluid than in the 
organs cultured. 
Table 18, Increase in percentage of virulent bacteria in mixed populations 
growing in the host environments. 
;Day3;lnitial ;Average per cent of virulent bacterl'a 
in :per cent: Exper­
iment 
Cultures mixed, 
Yirulent + 
non-virulent host ;virulent: S mice : RI mice : L mice ; : Ba mice 
1 9 88 81 25 57 
2 9 63 67 92 45 
3 9 55 65 59 35 
4 9 80 92 71 75 
5 9 98 75 73 71 
6 9 69 85 28 
7 9 96 100 75 
20 9 100 100 84 0 
12 12 97 60 63 
12 14 99 100 100 
12 8 96 99 100 100 
II 
III 
IV 
YS type + 2£c type 
n tf 
ff 
n 
rt 
fi 
ff 
ft 
JT 
ft 
Tt 
n 
ir 
ff 
YS type + 22c type 
4C + 9D 
SS + BaR 
*Yirulent smooth. 
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Cultures Isolated from three Bagg alhino mice 20 days 
after inoculation (Table 18, Experiment I) were wholly of 
the non-virulent type. This observation is diametrically 
opposite observations on mice of the same strain earlier in 
the experiment. Since each mouse received an expected dose 
of 50 virulent bacteria, sampling errors in the inoculating 
process are likely not responsible. To test the possibility 
of a peculiar adaptation to the Bagg strain, one of the 
cultures isolated (BaR) was mixed with a TS type culture 
(SS) isolated from an S mouse at the same time. Isolations 
from the small nuxriber of mice inoculated with this mixture 
showed an increase in percentage of virulent bacteria 
in all strains of mice (Table 18, Experiment IV). In 
view of these results the probable cause of the discrepant 
observations appears to be failure of the small nxunber of 
virulent bacteria inoculated to actually establish an 
infection in the host. Two Silver mice have yielded similar 
results. 
In general, the experiments succeed in demonstrating a 
marked difference in the ability of virulent and non-virulent 
bacteria to grow in the host environments. In contrast to 
Lincoln's (11) observations, both resistant and susceptible 
host environments favor the virulent bacteria coinciding 
with a similar difference in direction of virulence changes 
discussed above (p. 46). 
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Frequenoy of Isolation and variation of virulent and non-
virulent oultiires from survlvora 
The follov/lng experiment v/as performed with two objec­
tives in vlev/: confirmation of the difference in ability of 
virulent and non-virulent bacteria to s^ow in the host 
environment and quantitative estimation of the frequency of 
mass changes in bacterial populations during host passage. 
The liver and spleen of survivors of infection with 4C 
and 9D during the fifth passage experiment were cultured in 
broth. Eecords of growth after 24 and 48 hours of Incubation 
v/ere made. 
If virulent bacteria survive more readily in the host 
environment, a higher proportion of successful isolations 
should be observed in mice Infected with virulent cultures 
than in mice Infected with non-virulent bacteria. Results 
of isolations from a total of 198 mice bear this out. 40 
was isolated in 69 per cent of the mice infected with it, 
while 9D was recovered from 4<; per cent of comparable mice 
given doses similar to 40. The difference is highly signi­
ficant = 12.6, 1 degree of freedom, P <: 0.01). 
Those cultures exhibiting grov/th were plated and about 
1,000 colonies of each examined for variation from the parent 
type. 
Among 59 bacterial populations from survivors of inocu­
lation with 40, none v/ere found exhibiting mass changes 
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similar to those observed in the third passage experiment. 
Two distinot rougher variants Vifere discovered among a total 
of 62,000 colonies. 
Analogous results were obtained on 95 cultures from 
survivors of 9D, as no mass population changes were found. 
However, among 114,000 colonies observed, 5 smooth colonies 
were discovered. When replated, each of these 5 smooth 
colonies proved to be the unstable type exhibiting a behavior 
identical with that of and tJSg, unstable smooth cultures 
described earlier. In each of these 5 unstable cultures 
(designated USg to US,^) the stable rough to v/hich the smooth 
gives rise is similar in colony type to 9D. This unstable 
smooth variant is the most frequently occurring of any 
observed in this study. 
Stability of virulence of passage culttges 
To determine the stability of virulence, several 
passage-derived cultures were retested for virulence after 
varying periods of maintenance upon agar. 
Results (Table 19) gave no indication of any change 
from the level of virulence exhibited when first tested. 
This is a further indication of the apparently neutral effect 
of maintenance upon artificial media on virulence. Equally, 
it is evidence that increases in virulence follovdng passage 
are the result of changes in the genetic composition of the 
Table 19. virulence of passage cultures after varying periods of maintenance 
upon culture media. 
Virulence tested on 
Months; Resistant mice I Susceptible mice 
I P I  I, •! I I ..IIMIM •  _ I I I | l l  ^ g  • •  H  •  I— II.IM .  
culture; on ;Strain;Mean:Alive Dead;Total:Per : Strain ;iiean; Alive Dead:Total:Per 
:media : of :dose; : jcent: of :dose: : :cent 
: mice : : : rdead: mice ; : : :dead 
lie 
22c 
S IIio 
S nil 
L nil 
S IIIio 
L IIIio 
S IIIio 
L IIIio 
S 2 X 10^ 13 7 20 35.0 L 8 X 
O
 
H
 3 13 16 81.2 ft 15 5 20 25.0 ft ft 13 3 16 18.8 
15 tr n 7 15 20 65.0 ri TT 1 15 16 93.7 
12 Tt n 7 13 20 65.0 ff n 0 16 16 100.0 
12 n ft 15 5 20 25.0 n IT 11 5 16 31.2 
3 ti ft 6 14 20 70.0 n fl 0 16 16 100.0 
3 ft n 15 5 20 25.0 T? ft 
10  ^
12 4 16 25.0 
15 RI n 11 13 24 54.2 Ba 2 X 6 24 30 80.0 
15 ft tr 18 6 24 25.0 If tT 21 9 30 30.0 
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bacterial population and not due to a temporary physiologi­
cal stimulation by the host environment, 
Phyaiolop;ical properties in relation to vli^lenoe 
Generation times of fotir cultures of varying virulence 
v/ere determined in the usual manner. Numbers of bacteria 
were determined initially and after 12 hours of incubation 
in broth at 37° C. Rank in virulence and generation time 
in minutes are shown in Table 20, Generation times were 
the same in all four cultures indicating no relation between 
growth rate and virulence. 
Table 20, Generation time of fottp cultures of Salmonella 
typhimurium. 
Rank in Generation time 
Culture virulence in minutes 
VSSGi 1 26 
lie 2 S4 
220 5 34 
L IIIio 2 35 
Similai' results were obtained with respect to fermen­
tation tests. Nineteen cultures, including the extremes in 
virulence, were tested for ability to ferment 19 carbohy­
drate media. Only upon glycerin v/ere any differences in 
fermentation observed. No relation between virulence and 
the ability to ferment glycerin was disclosed. 
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All cultures employed in this investigation are actively 
motile and agglutinate {H agglutination) to titer with lie 
antiserum. To check upon the reliability of the identifica­
tion of the cultures, the same 19 cultures used for the 
fermentation tests v;ere shown to completely remove H agglu­
tinins from 11c antiserum by absorption tests. 
Possible relation of unstable smooth bacteria to variation 
in virulence 
The repeated appearance of unstable smooth variants in 
9D, the least virulent and roughest cultxire employed in this 
study, raises the question of their signifioance, if any, in 
relation to virulence changes. 
To this end a number of mice were inoculated with US3. 
Successful reisolations vjere made from 7 mice. Cultures 
from 6 appeared pure for the 9D type. Among 300 colonies in 
the remaining culture 5 smooth colonies \fere found. Replat-
Ing revealed these colonies to be stable for the smooth 
type. In viev/ of the selection in the host environment 
favoring smoother bacteria, it is surprising that so low a 
proportion of stable smooth colonies was observed in this 
culture. 
Virulence of this stable smooth has not been tested as 
yet. It almost certainly will have higher virulence than the 
culture 9D from which, by a somewhat devious route, it was 
derived. 
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Although the intriguing implication of a possihle 
relation of the unstable smooth bacteria to changes in 
virulence is suggested by these observations, much further 
investigation is needed in this direction. 
Discontinuous variation in Salmonella typhlmurlum 
The object of the preceding pages has been the develop­
ment of the thesis that 3^ vivo increases in virulence of 
bacterial populations are the result of evolutionary pro­
cesses not unlike those which operate in higher forms of 
life—that is, natural selection in the host environment of 
either preexisting or newly arisen, more virulent bacterial 
types. 
Through the medium of determining the change in relative 
proportions in mixed populations of morphologically distin­
guishable types, a potent selection favoring the more viru-
loat bacteria has been demonstrated both in hereditarily 
resistant and susceptible strains of mice. In two instances 
a more virulent variant arising by some process in a single-
cell culture was shovm to have displaced the less virulent 
parent type in the bacterial population growing within the 
host environment. Although the mode of origin of this new 
variation can only be surmised, mutation seems the most 
plausible. 
The stock culture, 11c, has been shown to be a mixture 
of bacterial types differing not only in colony character-
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istioa but also in virulence. Variant types of greatly 
reduced virulence have been found in a highly virulent 
single-cell culture v^ith no intervening host passage. V.hile 
wide variations in virulence have been demonstrated qualita­
tively, no quantitative estimate of the natural rate of 
variation has been made. 
Such an estimate would involve examination of large 
numbers of colonies plated after a certain period of growth 
of a presumably homogeneous initial population. If the 
initial population were a single cell, a considerable nximber 
of generations must elapse before sufficient bacteria are 
developed to supply the required large number of colonies, 
While any variation observed in such an instance is a strong 
indication of a mutational type of process as its soxirce, it 
is not conclusive evidence against other types of transfor­
mation. 
Much discuasion has centered around the question of the 
mode of origin of bacterial variants, particularly of the 
S —>R and R—>s variations. Elaborate theories of cyclo-
genic phenomena (9) have been formulated for their explana­
tion. The simpler hypothesis of selection of bacterial 
variants -- mutations — has been upheld by some including 
Lindegren (12), 
Yang and ^\hite (24), who favor the mutation-selection 
hypothesis, failed to isolate true ixjughs from smooth stock 
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cultures of cholera vibrios by the usual sampling method of 
observing large numbers of colonies. They succeeded by 
plating two hours after inoculation into a smooth antiserum 
activated by guinea pig complement. Such an environment has 
a potent selective influence favoring the rough form. They 
conclude, however, that their evidence for the existence of 
rough forms in the stock culture is not convincing because 
the 2-hour lapse of time allows the possibility of a trans­
formation of smooth cells to the rough form. While 
admittedly extreme, this criticism must be satisfied before 
the term mutation can unciualifiedly be applied to the S —»R 
or other bacterial variation. 
One of the unstable smooth cultures, USg, has been 
studied by means of the single-cell technicLue in an attack 
upon this problem, 
V/lien single-cell isolations are made from smooth colonies 
of this culture, two types of cells are found; rough cells 
v/hich produce only rough colonies and smooth cells producing 
both smooth and rough colonies. The unstable smooth cells, 
therefore, frequently give rise to stable rough cells. 
Although several hypotheses might be propounded to 
explain this behavior, the simplest is that the organisms 
are haploid, divide only by mitosis, and possess an unstable 
smooth gene vjhich mutates at a high rate to the stable rough 
gene. 
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Direct experimental evidence in support of this hypo­
thesis has been obtained in the following manner: Employing 
the single-cell technique described earlier, single cells 
from smooth colonies are seeded upon the agar film and a 
regular pattern of marking holes punched nearby. After 
division the two daughter cells are separated and their new 
locations marked upon a diagram of the marking holes. In 
subsequent divisions the separation process is repeated until 
a number of pedigreed single cells have been obtained from 
one original single cell. Finally, the separated cells are 
allowed to develop miorocolonies and inoculated into broth 
as described earlier. The broth tubes are incubated to 
turbidity, then plated. In this manner as many as 52 single-
cell cultures have been obtained from one original cell. 
Previous experience has shovm that if the original cell 
was rough, all the derived cultures will show only rough 
colonies on the plates. If the original cell v,'as smooth, the 
cultures will produce both smooth and rou^ colonies when 
plated. In such a pedigree if a mutation has occtirred, the 
aingle-oell culture or cultures descending from the mutated 
cell v/ill show only rough colonies on the plates. 
Complete results of this work so far are shown in 
Table 21, The mutation rate is calculated upon the basis 
of number of divisions tested v;hich in each pedigree is 
always one less than the total number of cultures isolated. 
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The manner of analyzing individual pedigrees is illustrated 
in Figures 4 and 5, The directly determined rate for this 
mutation is 1 in 134 divisions or 0,743 per cent. 
Table 21. Direct determination of mutation rate in an 
unstable smooth culture. 
Kind ; : Divi- * • • ; Invi- Per 
of : Initial : sions ; Muta- : Total ; able cent 
cell : number : tested : tions : seeded ; cells Inviable 
Smooth 33 269 2 770 86 11,17 
Rough 14 — — 265 2 ,75 
Two mutations have been observed. In one (Figure 4) the 
sib cell of the mutant (cell 46) was inviable. Consequently, 
no indication of the mechanism is available. 
In the other occurrence (Figure 5) some infoimation is 
disclosed. Of the two daughter cells of a smooth cell one 
(cell 93) was smooth and produced both smooth and rough 
colonies, v;hile the other (cell 94) was rough and produced 
only rough colonies. This result eliminates somatic cross­
ing over in a heterozygous diploid condition, since in this 
event a pure smooth as well as a pure rough cell v»Duld be 
produced. The mutant rough cell was observed at the 8-cell 
stage. Since inviable cells remain visible several hours, 
this observation renders improbable the possibility that the 
two sib cells (93 and 94) are both smooth and that the 
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mutation occurred In the division of cell 94 with one 
daughter cell being rough, the other inviable. 
The ntimber of Inviable cells occurring in the pedigree 
shovs'n in Figure S is an extreme example of the significantly-
more frequent occurrence of inviable cells among the progeny 
of smooth cells (Table 21). These inviable cells likely 
result from inherent causes rather than from the mechanical 
separation, since the pure rou^ progenies are subjected to 
the identical process. 
Indirect estimates of the mutation rate may be made by 
means of eq.uations given by Buchanan (4). The equations 
have been modified slightly for adaptation to the particular 
case under consideration. 
Assuming equal growth rates for smooth and rough progeny 
of a single smooth cell, let 
u r proportion of divisions of smooth cells viiich pro­
duce one smooth and one rough cell. 
X = total number of bacteria at any time t. 
y s number of smooth bacteria at any time lb. 
z = number of mutant (rough) bacteria at any time 
Starting from a single cell, X q = yQ = 1. 
Then, 
dx , , 
•gpg- r kx and x z e 
where k is the velocity coefficient of the rate of 
increase. 
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Solving for k, taking logarithms to the base 10, 
1, _ log X 
 ^ t(0.4S4SS) 
Also, 
dv „ - i) 
« ky(l - -g) and y » e 2 
Then, 
-kut 
kt kt(l - ^ ) kt a 
z ^ x - y - e  - e  2 » e  ( l - e  )  
The proportion of mutant cells at any time is given by, 
-kut 
z §"• 
X » 1 - e 
Then, 
kut 
e 
i - i  
solving for u by taking logarithms to the base 10, 
log e = -log(l - and 
z 
^ - kt(0.Sm4) 
-log(l - |) 
Thus, if k, t, and ^  are known, the mutation rate, u, may 
X 
be calculated. This v/aa done in the following experiments 
Twenty-one single cells from an unstable smooth colony 
were allowed to grow from 8-10 hours, the time being measured 
for each. The entire microcolony resulting was picked up 
with a large micropipette and suspended in one-half ml. of 
- 72 -
broth. Dilution plates were poured from which the total 
number of bacteria in the colony was estimated. Since the 
time in hours was knovm, the value of k was computed for 
each cell from the expression k « Surface 
smeared plates were also seeded and the proportion of rough 
colonies determined. Thus, all the values needed to compute 
u were determined for each of the single cells. 
Results are shown in Table 22 for the eleven single 
cells viiich proved to be smooth. 
Table 82, Indirect calculations of mutation rate of un­
stable smooth culture USg, 
Cell ! 
number 
» • 
; t (hours) : log X 
: 2 
: X 
• 
• 
: u 
1 10.30 4.62066 0,0487 0.00938 
6 10.15 4.26717 0,0322 0,00666 
12 8.75 3.46538 0,0467 0,01199 
13 8.75 3.36922 0,0588 0,01562 
17 9,26 4.58883 0,0449 0,00869 
18 9,14 3.49831 0,0419 0,01063 
22 10,32 3.49554 0,0428 0,01087 
23 10.30 4,63094 0,0684 0,01329 
24 10.27 4,58263 0,0486 0,00944 
25 10.25 4,40654 0,5050 0.13860 
29 9.55 3,35218 0.0318 0.00837 
Cell nximber 25 yielded more than 50 per cent smooth 
colonies. This is interpreted as indicating a mutation at 
the first division. Results from the remaining ten cells 
are in olose agreement giving an average estimate of 0.0105 
for the mutation rate per division. This estimate (1/95) is 
comparable to that determined directly (1/134). 
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The above computations are based upon the assumption 
that all cells are viable. Corrected estimates, k' and u*, 
may be calculated by allowing for the frequency of inviable 
cells. Thus, for the smooth single-cell progenies, asaiiming 
0,9 of the cells are viable, 
« 0.9k'x 
and it follows that k» - v/here k is the uncorrected 
value previously calculated. 
Substituting this corrected value, k', into the expres­
sion giving u, it follows that 
-log(l- |) 
u* r , .A .HWH u V = 0,9u k*t(0.iJl714) 
where u is the uncorrected value previously computed. Apply­
ing this correction, the average indirect estimate of the 
mutation rate becomes {0,9)(0,0105) = (0.0094) or 1 in 106 
divisions, thus agreeing more closely with the directly 
determined rate. 
This corrected estimate includes a small error arising 
from assuming the.t only 0.9 of the rough cells v/hich are 
included in the smooth progenies are viable. However, since 
the proportion of roughs is very low, this error is 
negligible. 
In summarizing, the manner of occurrence of the observed 
mutations is most simply explained by the hypothesis of 
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mutation in haploid organisms dividing by mitosis. However, 
the higher frequency of inviable cells observed in the 
smooth progenies possibly indicates a more complex mechan­
ism. 
Regardless of the mechanism responsible, the above 
results furnish direct evidence of discontinuous variation 
in a bacterial species. Although the variation may prove 
not to be from smooth to the true rough, it is of the same 
nature. 
The method itself is possibly more important than the 
preliminary results reported, for, applied to further 
studies of this and other bacterial ^ecies, some light may 
be thrown upon the obscure processes of bacterial variation. 
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DISCUSSION 
The hypothesis that increased virulence follov/ing 
host passage is the result of selection in the host 
environment of more virulent bacterial types is not new. 
PasteiiT and Thuillier (15) ivrite of the adaptation of the 
pathogen to the host during successive passages and point 
out that this adaptation can occur in a short time because 
of the rapid growth and large numbers of bacteria infect­
ing the host. Lockhart (13), in discussing results of his 
passage experii&ents with mouse typhoid infection, clearly 
formulates this selective adaptation as the mechanism by 
which virulenco may be increased. However, he gives no 
demonstration that such is actually the case, 
Wellhausen {<dl) and Lincoln (11), working with 
bacterial wilt of maize, have subjected this question of 
host-pathogen interactions to critical analysis. Their 
results show the rate and direction of changes in virulence 
to be functions of the genetic constitution of the host, 
Lincoln (11) clearly demonstrated that changes in virulenco 
observed after host passage result from selection of 
bacterial types adapted to the particular host onployed. 
He further showed that mutation was the probable sotirce 
of the variation in virulence necessary for selection to be 
effective. 
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So far as the writer is aware, no investigation of 
the effect of host passage upon virulence of an animal 
pathogen has utilized as hosts strains of animals geneti­
cally pure and differentiated in resistance. This was done 
in the present investigation. 
Results of five passage experiments show that vijnxlence 
may suddenly increase in either resistant or susceptible 
hosts. No differential effects of resistant and suscepti­
ble host environments vjere observed. Virulence is either 
maintained or increased after host passage; no decreases 
v/ere observed. Increased virulence v^as observed more fre-
q.uently following passage of a stock culture composed of a 
mixture of types of different virulence than after passage 
of recently isolated single-cell cultures. 
Correlation of changes in the bacterial population 
with increases in virulence observed during the passage 
experiments strongly suggests that increased virulence is 
the result of selection in the host of virulent variants 
already present or newly arising in the population. This 
is supported by demonstrations of a potent selective capa­
city in both resistant and susceptible host environments. 
The proportion of virulent bacteria in mixed populations 
of virulent and non-virulent types increases rapidly in 
both resistant and susceptible hosts. Further, virulent 
organisms are recovered from a significantly higher 
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proportion of mice surviving like doses than are non-
virulent bacteria. Tlie intensity of selective action in 
both resistant and susceptible hosts seems sufficiently 
high to account for the abrupt increases in virulence and 
the accompanying profound changes in the bacterial popula­
tion observed in the host passage experiments. 
Proof that the variation in virulence necessary for 
host selection to be effective exists is supplied by isola­
tion of five variants of greatly different virulence from 
the stock culture, 11c. These five cultures, forming a 
graded series with I'espect to colony morphology, make an 
almost parallel series in virulence. The new origin of 
virulence variation has been demonstrated by the isolation 
of three non-virulent variants from a highly virulent single-
cell culture with no intervening host passage. That adap­
tive variation does arise in some manner is shown by the 
increased virulence and changed bacterial population 
observed after passage of a lov^'ly virulent single-cell 
culture. Proof that discontinuous variation — mutation — 
does occur in Salmonella typhimurium was obtained by studies 
upon an unstable smooth culture v.'hich mutates frequently to 
a rougher colony type. The lov; frequency of large virulence 
increases after passage of single-cell cultures indicates 
that mutation to a more virulent form occurs but rarely. 
This is supported by exaiaination of 154 bacterial populations 
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Isolated after passage of single-cell cultures of knovm 
colony type. No mass change was noted in any of the 
populations, 
When vievt?ed as a vjhole, the associated increases in 
virulence and bacterial population changes observed in the 
host passage e^qperiments, the strong selective action 
favoring virulent bacterial types in both resistant and 
susceptible host environiaents, and the demonstration of pre­
existing and new variation in virulence shovj that increased 
virulence follov.'ing animal passage results from selection 
in the host environment of more virulent bacterial mutants. 
SUMMARY AND CONCLUSIONS 
Interactions between host and pathogen in mouse 
typhoid, caused by Salmonella typhimurium» were studied 
with especial reference to the effect upon bacterial viru­
lence of passage through hereditarily resistant and suscep­
tible hosts. 
Virulence increased in each of four passage series 
derived from a stock culture which is composed of bacterial 
types of different virulence. Passage through both 
resistant and susceptible hosts resulted in increased 
virulence. 
Increased virulence was observed in only a low pro­
portion of cases following passage of recently isolated 
single-cell cultures. This observation indicates a high 
degree of stability in virulence of this organism. 
Changes in virulence following host passage are 
directional. No decrease in virulence was observed follow­
ing passage through either resistant or susceptible mice. 
If virulence increases during passage, the increase is 
abrupt, and continued grov,ith in the host environments 
results in no further rise. 
Large increases in virulence v/ere accompanied by 
correspondingly large changes in the character of the 
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bacterial populations in those instances v/here bacterial 
populations were examined. This association suggests 
selection in the host of more virulent bacterial variants as 
the mechanism responsible for the observed changes in viru­
lence. 
By determining the increase in proportion of virulent 
bacteria in mixed populations, a potent selection favoring 
the virulent types was demonstrated in both resistant and 
susceptible host environments. Virulent bacteria are 
isolated from mice given similar doses more frequently than 
are non-virulent bacteria, thus confirming the differential 
survival of virulent and non-virulent bacteria in the host 
environments. 
Existence of the variation in virulence necessary for 
selection to be effective was shown by isolation from a 
stock culture of a series of five variant types differing 
in a parallel manner in colony surface and virulence, 
New variation in virulence was shown by isolation of 
lovvly virulent variants from a highly virulent single-cell 
culture. In two instances a highly virulent bacterial 
variant arose in a single-cell culture during host passage. 
No relation was found between virulence and growth 
rates or fermentation reactions. Maintenance upon artifi­
cial media exerts no profound effect upon virulence of 
this organism. 
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Most frequently occurring bacterial variant was an 
unstable smooth type, smooth colonies of this variant 
regularly produce stable rough as well as unstable smooth 
colonies, a stable smooth culture was isolated following 
host passage of this unstable smooth type. 
Discontinuous variation in Salmonella typhimurium was 
demonstrated by a process of studying pedigreed single-cell 
isolations of unstable smooth single cells, 
The simplest hypothesis adequate to esq) la in the behavior 
of the unstable smooth culture is mutation in a haploid 
condition. Direct and indirect methods indicate this 
mutation rate to be approximately 1 in 120 divisions. The 
occurrence of inviable cells possibly indicates a more com­
plex mechanism. 
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Table 23. Values of corrected for continuity and P for comparisons 
accorded significance. One degree of freedom. Tables v/here data 
are given are indicated. 
Table: Comparison 
;Strain 
;of mice ; X^ ; P 
• 
• 
:Table 
; ;Strain 
; Comparison :of mice : x^ ; P 
1 S-EI 50.9 
H
 
O
 • 
V 7 L II-llc S 26.7 <.01 
1 S-L 345.0 ft 7 L II-llo L 29.8 It 
1 RI-L 155.5 tr 7 L II-llc RI 29.0 ff 
2 L~Ba 17.8 n 9 S III-L III S 49.6 tf 
3 11C-22C 3 34.5 M 9 3 III-L III L 162.4 n 
3 11C-22C L 97.1 n 9 S III-22C S 65.4 tt 
5 11C-9D S 23.7 tf 9 S III-22C L 141.5 It 
5 110-9D L 87.0 Tt 15 9DS-9D 5.7 .023 
o 4C-22C S 16.3 n 15 9DL-9D 7.0 <.01 
3 4C-22C L 43.3 ff 16 3E-5B 12.4 ff 
3 4C-9D S 23.1 rr 16 5B-6B 14.1 f? 
3 4:0-9.D L 45.4 16 3B-(9-3} 20.4 TI 
3 22c-gD L .026* 16 4B-5E 12.4 rt 
5 S I-llc S 48.5 <.01 16 4B-6E 14.1 tf 
5 S I-llc L 26.3 n 16 4B-(9-5) 20.4 ft 
5 S I-llc HI 23.2 tf 17 7SSCi-L Illin 16.4 ff 
5 L I-llc S 51.9 tt 17 V3SCi-(VS-lT 34.8 If 
5 L I-llc L 28.2 ti 17 V33G2-(V3-2) 40.2 tf 
5 L I-llc RI o3.9 ti 17 VSSCi-(VS-3) 25.5 tt 
7 S II-llC S 31.5 It 17 L IIIio-(VS-2) 6.4 .015 
7 S II-llc L 19.8 n 17 L IIIio-(VS-l) .025 
7 S II-llc RI 14.6 rt 
*Exaot probability. 
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Table 24, Aoouiaulated dosage-mortality data for resistant 
passage cultures of third experiment tested 
upon resistant mice. 
i : : I Per cent 
Dose : Alive ; Dead : Total ; dead 
1.6 X 10^ 14 6 20 30.0 
5 3C 10^ 36 7 43 16,3 
2 X 105 45 24 69 34,8 
4 X 10° 9 11 20 55.0 
2 X 10^ 12 57 69 82,6 
1 X 10^ 2 34 36 94,4 
2 X 10^ 0 10 10 100,0 
Plate 1, Photographs of colonies from four cult\ires 
showing differenoes in colony surface. 
A. V3 colony type. Note the small punctures in sur­
face giving the icipression of pin pricks. Degree 1 
smoothness. 
B. Colony of 22c. Note the slighly smoother raised 
center. Degree 4 smoothness. 
C. Colonies of TJSg. The rougher colony is of degree 5 
smoothness. Note the coarse, deep surface roughness. 
The unstable smooth colonies are typically smaller 
and of degree 1 smoothness. 
D. Stable smooth colony derived from US3 "by host 
passage. Degree 1 smoothness. 
Colonies in A, B, and D visre incubated 48 hours. 
Colonies in C were incubated 24 hours. Magnification 
is 20X. 
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Photographs of colonies from four cultures 
shov/ing differences in colony surface. 
